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ABSTRACT
Context. LB-1 (alias ALS 8775) has been proposed as either an X-ray dim B-type star plus black hole (B+BH) binary or a Be star
plus an inflated stripped star (Be+Bstr) binary. The latter hypothesis contingent upon the detection and characterization of the hidden
broad-lined star in a composite optical spectrum.
Aims. Our study is aimed at testing the published B+BH (single star) and Be+Bstr (binary star) models using a flux-calibrated
UV-optical-IR spectrum.
Methods. The Space Telescope Imaging Spectrograph (STIS) on board the Hubble Space Telescope (HST) was used to obtain a
flux-calibrated spectrum with an accuracy of ∼1%. We compared these data with non-local thermal equilibrium (non-LTE) spectral
energy distributions (SED) and line profiles for the proposed models. The Hubble data, together with the Gaia EDR3 parallax and a
well-determined extinction, were used to provide tight constraints on the properties and stellar luminosities of the LB-1 system. In the
case of the Be+Bstr model we adopted the published flux ratio for the Be and Bstr stars, re-determined the Teff of the Bstr using the
silicon ionization balance, and inferred Teff for the Be star from the fit to the SED.
Results. The UV data strongly constrain the microturbulence velocity to .2 km s−1for the stellar components of both models. We
also find stellar parameters consistent with previous results, but with greater precision enabled by the Hubble SED. For the B+BH
single-star model, we find the parameters (Teff , log(L/L), Mspec/M) of the B-type star to be (15 300±300 K, 3.23+0.09−0.10, 5.2
+1.8
−1.4). For
the Bstr star we obtain (12 500±100 K, 2.70+0.09
−0.09, 0.8
+0.5




−1.8). While the Be+Bstr
model is a better fit to the He i lines and cores of the Balmer lines in the optical, the B+BH model provides a better fit to the Si iv
resonance lines in the UV. The analysis also implies that the Bstr star has roughly twice the solar silicon abundance, which is difficult
to reconcile with a stripped star origin. The Be star, on the other hand, has a rather low luminosity and a spectroscopic mass that is
inconsistent with its possible dynamical mass.
Conclusions. We provide tight constraints on the stellar luminosities of the Be+Bstr and B+BH models. For the former, the Bstr star
appears to be silicon-rich, while the notional Be star appears to be sub-luminous for a classical Be star of its temperature and the
predicted UV spectrum is inconsistent with the data. This latter issue can be significantly improved by reducing the Teff and radius of
the Be star, at the cost, however, of a different mass ratio as a result. In the B+BH model, the single B-type spectrum is a good match
to the UV spectrum. Adopting a mass ratio of 5.1 ± 0.1, from the literature, implies a BH mass of ∼ 21+9
−8 M.
Key words. techniques: spectroscopic, binaries: spectroscopic, stars: black holes, stars: early-type, stars: fundamental parameters
1. Introduction
Liu et al. (2019) reported LB-1 (alias ALS 8775) as a long-
period B-type star plus black hole (B+BH) binary composed of
an ∼8 M star and a ∼70 M BH. This model was subsequently
revised and added to by a number of authors and the current
state of play is nicely summarized by Liu et al. (2020). Broadly
speaking, models depend on whether or not the small apparent
motions of the strong Balmer emission lines originating from a
disk associated with either a Be star or a BH are taken to repre-
sent the reflex motion of that companion around the narrow-lined
B-type star. This paper examines two competing models. First,
? Table 2 is only available in electronic form at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-
strasbg.fr/cgi-bin/qcat?J/A+A/
there is the B+BH model, where the mass of the B-type star
is 3–5 M (Simón-Díaz et al. 2020; Abdul-Masih et al. 2020),
with a corresponding reduction in the potential BH mass and
the Be star plus stripped helium star model (Be+Bstr: Shenar
et al. 2020). In the latter model, the system is composed of two
stellar components of approximately equal visual magnitudes,
the Be star being hidden in the optical spectrum due to its high
projected rotational velocity (ve sin i). The large radius of the B-
type stripped star is a consequence of its blue-ward evolution in
the Hertzsprung-Russell diagram (HRD) on its way to the He
burning main sequence following mass transfer to the Be-type
star. This also explains the low ve sin i of the stripped star, as the
previous mass donor, and the high ve sin i of the Be star, as the
mass recipient. A similar model (Bodensteiner et al. 2020) has
been put forward for the system HR 6819, which Rivinius et al.
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(2020) argued contained a B+BH binary with a tertiary (Be) star
in a very long-period orbit.
This paper presents new flux-calibrated low and medium res-
olution Hubble spectroscopy covering far UV to near-IR wave-
lengths that, combined with the recent Gaia EDR3 parallax, pro-
vide new constraints on the properties of the proposed models.
Table 1. Summary of Hubble spectroscopic data obtained with STIS
and WFC3/IR under program 16079, indicating the relevant dataset
unique identifier, spectral element, aperture, exposure time, and wave-
length coverage.
Dataset Spectral Aper. Exp. Wavelength
Ident. Element (s) range (Å)
oe9l02010 G430M 52x0.1 242 3537–3823
oe9l02020 G430M 52x0.1 142 3793–4079
oe9l02030 G430L 52x2 264 2900–5700
oe9l02040 G750L 52x2 204 5240–10 270
oe9l01010 G140L 52x2 1040 1150–1730
oe9l01020 G230L 52x2 840 1570–3180
ie9l03010 G102 N/A 33.3 8000–11 500
ie9l03020 G141 N/A 33.3 10 750–17 000
2. Observational data
The spectroscopic data were obtained under program GO 16079
(P.I. Lennon) in response to the Cycle 27 mid-cycle call for pro-
posals. The primary objective was to obtain a flux calibrated
spectral energy distribution (SED) with an accuracy of 1% or
better (Bohlin et al. 2020), following the logic set out in Bohlin
et al. (2014). We therefore obtained low-resolution wide slit
spectrophotometry in the UV and optical using the Space Tele-
scope Imaging Spectrograph (STIS) and near-IR grism spectra
obtained with the Wide Field Camera 3 (WFC3). In addition,
we obtained narrow-slit medium resolution spectra covering the
Balmer jump and the highest members of the Balmer series of
lines from Hε to the series limit. Data were processed using In-
strument Development Team (IDL) programs that enable a su-
perior flux calibration compared to the standard pipeline prod-
ucts (Fitzpatrick et al. 2019) and is identical to the methods used
to process Hubble flux standards (Bohlin et al. 2019; Bohlin &
Deustua 2019).
A summary of the spectroscopic observations is provided
in Table 1, while the merged SED is attached as an ASCII ta-
ble, Table 2, while the full version is available electronically. As
expected for the low-resolution data, small offsets of the wave-
length scale of ∼1 pixel are apparent, due to slight off-centering
in the wide slit. These corrections were determined by compar-
ison with the predicted radial velocity of the narrow-lined star
using the ephemeris of Liu et al. (2020) and have been applied
to the SED. The G430M data were taken with a narrow slit and
before use were corrected for slit losses by applying scalar cor-
rection factors of 1.123 and 1.150 to the 3537–3823 and 3793–
4079 Å data, respectively, as determined from the low-resolution
data.
We also obtained short WFC3/IR images, using the on/off-
band Pβ filters (F128N/F130N) to check for possible image ex-
tension due to circumstellar emission or potential blending of a
close optical companion. The PSFs of LB-1 appear point-like in
both images, with full-width half-maxima similar to each other
and to a nearby faint field star with FWHM=0.23" and elliptici-
ties of 0.3% and 1.3% for the F128N and F130N filters, respec-
tively.
3. Methods
The data were modeled using the solar metallicity grid of
TLUSTY plane parallel non-LTE model atmospheres for B-type
stars (Lanz & Hubeny 2007), with a microturbulent velocity
that is appropriate for main-sequence stars (vt=2 km s−1). These
were supplemented with additional models as required, using
the TLUSTY model atmosphere code (Hubeny 1988; Hubeny
& Lanz 1995) and with the same input model atoms as Lanz &
Hubeny (2007). We tested two scenarios, the B+BH scenario as
represented by a "single" stellar model (Simón-Díaz et al. 2020),
and the Be+Bstr scenario represented by a "binary" compos-
ite of two models (Shenar et al. 2020). Synthetic spectra were
convolved with appropriate line spread functions (LSF) taken
from the STIS web pages1 prior to re-binning them to match
the data. We adopted vacuum wavelengths to match the pipeline
data products and radial velocity shifts appropriate to the phase
of each observation were taken from the ephemeris of Liu et al.
(2020).
The primary diagnostics feature the Balmer jump (or Balmer
decrement: BD), Balmer line profiles (in the G430M data), and
strong metal lines in the UV (Figure 1, lower panel). The SED
constrains the extinction law that is required to fit the flux cali-
brated data, which, together with the Gaia EDR3 parallax mea-
surement, enable a precise estimate of stellar angular radii, the
ratio of the stellar radius to distance (r/d), and, hence, the stel-
lar radii. This approach avoids uncertainties in the normalization
of observed spectra, which can be important in the vicinity of
broad Balmer lines (Simón-Díaz et al. 2020) and, in particular,
removes the subjective assignment of the continuum in the UV
and near the higher Balmer series lines.
4. Results
We replicated the CHORIZOS (Maíz Apellániz 2004) analy-
sis presented in Appendix C of Simón-Díaz et al. (2020) us-
ing the new SED results in Teff =15 090±300 K for luminos-
ity class (LC) 5 (log g =4.04) and Teff =15 770±290 K for LC 4
(log g =3.38), with an optical-IR extinction curve (Maíz Apel-
lániz et al. 2014) that is very similar to that of Simón-Díaz et al.
(2020). However their best-fit model, with Teff =14 000±500 K
and log g =3.5±0.15, was found to be too cool to match the BD
(Figure 1, upper panel, gray line). We derived a slightly higher
temperature, Teff =15 300±200 K, and log g =3.6±0.15 (assum-
ing N[He/H]=0.1 by number) by fitting the BD and the Balmer
lines, which are in good agreement with the CHORIZOS result
and that of Simón-Díaz et al. (2020) (although with a smaller
uncertainty in Teff ). The SED fit also confirms the small near-
IR continuum excess from the disk for a Be disk or an accretion
disk.
The Be+Bstr model of Shenar et al. (2020) with (Teff , log g ,
vt, N[He/H]) of (18 000±2000 K, 4.0±0.3 dex, 15 km s−1,0.1)
and (12 700±2000 K, 3.0±0.2 dex, 2 km s−1, 0.21) for the Be and
Bstr components, assuming the Bstr star contributes 55% of the
V-band flux and solar metallicity, is also an excellent fit to the
G430M data. Indeed, it is a better fit to the Balmer line cores
(which are too deep in the single star model) and to the He i
4026 Å line. To some extent, these differences are a consequence
of the adopted flux ratio since it is a constraint of the fitting
process in the Be+Bstr model, while in the B+BH model, the
residuals of the fit can be attributed to the presence of the disk
1 https://www.stsci.edu/hst/instrumentation/stis/performance/spectral-
resolution
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Fig. 1. Comparison of Hubble data (black) with single B-type star model (orange) and binary Be+Bstr model (magenta), as summarized in Table 4,
with the main contributing species labeling specific absorption features. The top panel illustrates the good fit of both models to the G430M data,
with the binary model being a better fit to the Hydrogen line cores and to the He i 4026 Å line, as indicated by the residuals plotted below the
spectra. Also shown are the models of Simón-Díaz et al. (2020, grey) and Shenar et al. (2020, blue). The lower panel compares the FUV data
(same color coding) illustrating that, for example, the Fe iii complex of lines around 1900 Å is much too strong in the Shenar et al. (2020) model.
Neither interstellar lines nor disk emission are included in the models.
Table 2. Flux-calibrated spectrum. The complete version of this table, together with a description of the columns, is available online as an ASCII
table.
Wavelength Flux Stat-Error Sys-error FWHM Quality Time
1140.400 146 3.0854E-14 1.0286E-14 3.0854E-16 1.167 1 1040.0
1140.983 887 3.0082E-14 9.2224E-15 3.0082E-16 1.167 1 1040.0
1141.567 627 3.2377E-14 8.8605E-15 3.2377E-16 1.167 1 1040.0
...
line emission (Simón-Díaz et al. 2020). Irrgang et al. (2020) pro-
posed a cooler, more helium-rich star, however the spectrum of
this lone object is much too cool to fit the BD and this assump-
tion is not pursued further here.
The UV, on the other hand (Figure 1, lower panel, blue line),
demonstrates that this specific Be+Bstr model is a much poorer
fit to the data than the single star model, as exemplified by the
Fe iii lines around 1900 Å. Since the Be star flux is roughly two
to three times that of the stripped star in the UV, and the metal
lines in the UV are much stronger than in the optical, the Be
star features cannot be easily hidden with a high ve sin i. These
differences are largely driven by the adoption of vt=15 km s−1 for
the Be star, which has a significant impact on the strong saturated
lines in the UV. While microturbulent velocities in Be stars are
poorly characterized (Dunstall et al. 2011), such a high value is
clearly ruled out by the UV data, which set an upper limit of
vt=2–3 km s−1.
Using the new data, we can re-assess the Be+Bstr stellar pa-
rameters. For this purpose, we computed an extended grid of
composite Be+Bstr TLUSTY models for a range of effective
temperatures, microturbulence values, flux ratios, helium abun-
dance (defined as number ratio N[He/H]), and silicon abundance
(X[Si], in units of the solar silicon abundance mass faction) us-
ing the methods and codes outlined in Section 3. In the following
we refer to the effective temperatures of the Be and Bstr stars as
T Bee f f and T
Bstr
e f f respectively. As in Shenar et al. (2020), we ini-
tially assume that the Bstr star contributes 55% of the V-band
flux, N[He/H]=0.2, and that log g for the two components is 4.0
and 3.0 for the Be and Bstr stars, respectively. As demonstrated
by Shenar et al. (2020), and confirmed here, this combination of
surface gravities provides an excellent fit to the Balmer lines, that
are the primary log g diagnostic. Furthermore, assuming the Be
and Bstr stars are the orbital components, the mass ratio strongly
constrains the difference in log g to be ∆(log g )=1.0 dex (also
assuming spherical stars). We also ignore any disk contribution,
either continuum or line emission, to the composite spectrum.
For a given choice of T Bstre f f it is straightforward to find the
best T Bee f f by fitting the BD, as shown in Fig. 2 (left panel). One
can see that the minimum reduced-χ2 is only weakly dependent
on T Bstre f f , nevertheless the minima of the curves define the rela-
tionship between T Bstre f f and T
Bstr
e f f (Fig. 2, right panel). The slope
of this line depends on the adopted flux ratio, as indicated. There-
fore if T Bstre f f and the flux ratio can be determined, T
Bstr
e f f follows
from fitting the BD.
Adopting the flux ratio from Shenar et al. (2020) we can de-
rive T Bstre f f using the silicon ionization balance, a standard tech-
nique in model atmosphere analysis that requires the same sil-
icon abundance from different ionization stages. The obvious
modification is that the theoretical equivalent widths are mea-
sured from the composite spectra. We note that the Be star in
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Fig. 2. Left-hand panel: Plot showing the reduced-χ2 of the fit to the BD region (G430M data). Each curve represents a specific value of T Bstre f f with
values ranging from 12000 K to 15000 K, right to left, and for a range of T Bee f f values. The smooth curves are spline fits to the data points (asterisks).
Right-hand panel: Minima of the curves define the relationship between T Bstre f f and T
Be
e f f , illustrated by the thick line for a Bstr contribution of 55%
of the flux in the V-band. Thin lines indicate analogous relationships for other percentage flux contributions (labeled).
this context is simply providing a veiling effect since its metal
lines are washed out into the continuum at high ve sin i. This is
accounted for by combining a Bstr and a Be model, with ap-
propriate weights and parameters, and measuring the theoretical
equivalent widths from the resulting spectrum. This approach
takes into account small wavelength dependent corrections to the
adopted V-band flux ratio that depend on the difference in Teff of
the two stars. We use the Si ii doublet lines 4128 Å and 4131 Å,
and the Si iii triplet lines at 4553Å, 4568Å and 4575 Å(the 4553Å
component is corrected for a blended line of S ii). Equivalent
widths, with uncertainties, are give in Table 3. We do not use
the strong Si ii doublet lines at 6347 Å and 6371 Å as the former
is blended with a Mg ii doublet and the latter is very discrepant
from the other lines. We suspect that this discrepancy may be due
to additional veiling of the continuum due to the disk (the system
has an IR excess) and, hence, restrict our analysis to the blue op-
tical lines. Fit contours in the abundance versus Teff plane are il-
lustrated in Fig.3, from which we find T Bstre f f =12 500±100 K, and
T Bee f f =18 900∓200 K from the fit to the BD. This is in reasonable
agreement with Shenar et al. (2020), though with much reduced
uncertainties, given their use of LTE models and their reliance
upon He i to Mg ii line ratios in addition to Si ii to Si iii. Besides
the Si enhancement revealed by Fig. 3, we find that Mg is en-
hanced and strong signs of CN processed material in the Bstr
star (Table 3 and Fig. 4).
The new solution is illustrated in Fig. 1, now exhibiting a
similarly good fit to the UV data (lower panel). We quantify this
using the flux errors of the Hubble data to calculate the reduced-
χ2 values of the two models. We exclude the Lα and 2200 Å
extinction bump regions from this comparison, as these are not
sufficiently modeled using a global extinction law (Section 3),
and proceed with a piece-wise correction for extinction in the
resulting sub-regions of the spectrum. We determine reduced-χ2
values of 4.4 and 3.3 for the Be+Bstr and B+BH models, re-
spectively. Evidently, the latter is slightly better at reproducing
the data, the larger value for the Be+Bstr model is due to vari-
ous metal lines in the Be+Bstr model being slightly too strong
Table 3. Equivalent widths (EW) of the lines used in this analysis, as
measured off the Keck HIRES spectrum discussed in Simón-Díaz et al.
(2020). The abundances (X) are relative to solar, and are determined for
the model with Teff =12 500 K, log g =3.0 and for Bstr star contributing
55% of the total V-band flux. Abundance uncertainties reflect observa-
tional errors, though uncertainties in vt dominate the overall error budget
leading to uncertainties of ∼0.1 dex for C and N, and ∼0.2 dex for Mg
and Si. The superscript b denotes lines that are blended other lines in the
data.
Ion Wavelength(Å) EW (mÅ) X (solar)
Si ii 4128.0 79.1±1.0 2.39±0.12
Si ii 4130.8 82.4±1.0 1.74±0.06
Si ii 6347.0b 157.0±3.0 6.16±0.44
Si ii 6371.3 118.0±3.0 4.14±0.42
Si iii 4552.6b 11.1±1.0 2.40±0.43
Si iii 4567.8 7.8±1.0 1.98±0.48
Si iii 4574.7 3.7±0.5 1.72±0.38
Mg ii 4481.2 203.6±3.0 3.91±0.32
N ii 3995.0 28.2±1.0 26.93±2.61
N ii 4447.0 9.2±1.0 16.52±3.41
N ii 4607.1 12.4±1.0 35.66±4.43
N ii 4613.8 7.2±1.0 18.73±4.91
N ii 4630.5 20.0±1.0 40.84±4.29
C ii 3918.9 11.2±1.0 0.40±0.07
C ii 3920.6 14.7±1.0 0.33±0.04
C ii 4267.1 28.2±1.0 0.23±0.02
C ii 6578.0 2.8±1.0 0.04±0.02
C ii 6582.8 3.3±1.0 0.08±0.03
and broad. However, it is more useful to focus on the features of
greatest disagreement in this comparison, such as the Si iv dou-
blet 1393.73 and 1402.73 Å (Fig. 1, lower panel). In Fig. 5, we
present a close-up view around this feature that clearly shows
the superior performance of the B+BH model (i.e., a single star)
as the Si iv doublet is much too strong in the Be+Bstr spectrum.
This deficiency in the Be+Bstr model is due to the strong contri-
bution of Si iv and, to a lesser extent Fe iii lines, in the red wing
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Fig. 3. Diagnostic diagrams used to characterize the stellar parameters of the stripped star, and its contribution to the total flux. Left-hand panel: Fit
diagram showing reduced-χ2 contours defining the best fitting T Bstre f f and silicon abundance. Right-hand panel: Dependence of best fitting silicon
abundance on percentage contribution of the Bstr star to the V-band, and as a function of helium abundance. The horizontal dotted line indicates
solar abundance, and the vertical line is the 55% contribution adopted by Shenar et al. (2020).
Fig. 4. Filled star symbols indicate the abundances obtained for the Bstr
model parameters listed in Table 4. The open symbols represent the
models that are consistent with a solar Si abundance for different helium
abundances, N[He/H]=0.2 (squares) and N[He/H]=0.3 (circles).
of the 1393.73 Å component, from the hotter and UV-brighter
Be star. We note that these Si iv resonance lines are so saturated
that they are insensitive to even quite large abundance changes
and, hence, decreasing the silicon abundance cannot solve this
problem. Further, even though the solution illustrated in Fig. 3
implies a silicon abundance for the Bstr star that is roughly twice
solar, it is intrinsically weaker in the Bstr star, which is also
fainter than the Be star in the UV. Varying ve sin i of the Be star
by ±50 km s−1has a negligible impact on these results, given the
spectral resolution.
So far we have assumed that vt=2 km s−1 for the Bstr star, but
adopting vt=0 km s−1has negligible effect on the strong UV lines
as the thermal Doppler widths of the lines are approximately
Fig. 5. Close-up view of the Si iv doublet lines at 1393.73 and
1402.73 Å, as well as the Si iii line at 1417.24 Å. Color coding is the
same as in Figure 1, the observational data now having their statisti-
cal error bars added. The lower panel illustrates the difference between
the the data and the two models in units of 1σ, horizontal dashed lines
indicating the ±2σ level.
3 km s−1 for Si and 2 km s−1 for Fe, (see e.g., McErlean et al.
1998; Smith & Howarth 1998). The high silicon abundance re-
ferred to above, namely, about twice solar, is clearly at odds with
Shenar et al. (2020) who assumed a solar metal abundances for
the Bstr star in the determination of its stellar parameters, and
in the derivation of the Be/Bstr V-band flux ratio. Based on an
analogy with the discussion of vt for the Be star, it may seem that
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Fig. 6. Medium resolution (R=20 000) view of the Si iv doublet for the
single star model (orange) and binary model (magenta) with vt=2 km s−1
for the Be star. The upper and lower black lines represent the contribu-
tions from the Be/Bstr stars, respectively, in the latter scenario.
increasing this value above 2 km s−1 to reduce the silicon abun-
dance would be a practical solution. However, this would lead
to a value of vt∼4 km s−1, which is well above the thermal speed
of the ions at this low Teff and would result in a UV spectrum
that is strongly in disagreement with the observations. Also, as
discussed in Simón-Díaz et al. (2020), the line profiles imply an
upper limit of vt∼2–3 kms.
In light of the above, we carried out an exploratory calcu-
lation in which we varied the flux ratio and the helium abun-
dance of the Bstr star (we adopt grid steps of N[He/H]=0.1,
0.2 and 0.3) to look for solutions with a solar Si abundance.
It is worth noting that there are some trends aimed at explain-
ing how the constraints drive the solution. For instance, T Bstre f f is
relatively insensitive to helium abundance, but increases a lit-
tle with increasing relative brightness of the Bstr star, whereas
T Bee f f increases with greater Bstr star contribution due to the
need to compensate for the brighter Bstr star, but a higher Bstr
helium abundance leads to a decrease in T Bee f f due to the de-
crease in the BD of the Bstr star. In Fig. 3, the right-hand panel
shows how the derived silicon abundance varies as a function
of flux ratio and N[He/H], implying that a solar Si abundance
requires a flux ratio such that the Bstr star contributes roughly
65–70% of the V-band flux, depending on helium abundance.
Specifically, for the N[He/H]=0.2 and 67% flux contribution, we
derive T Bstre f f =12 700±100 K and T
Be
e f f =20 875±300 K, while for
N[He/H]=0.3 and 64% flux contribution the corresponding val-
ues are 12 700±100 K and 20 100±250 K. The derived surface
abundances are also illustrated in Fig. 4. Recalling that the spec-
ified ∆log g =1.0 dex ensures that the mass ratio is satisfied for
a contribution of 55%, these solar-Si solutions imply only small
changes in this parameter of ∆(log g )=1.1 and 0.9 dex for the
N[He/H]=0.2 and 0.3 cases, respectively. However, the Be star
in these cases has a higher temperature than before and the fit to
the data is degraded. One possible conclusion is that the Bstr star
is enhanced in Si, hence, the flux ratio we inferred is incorrect
and undetermined.
Further tests imply that we need to have T Bee f f ∼17 500–
18 000 K in order to fit the UV Si iv lines at these flux ratios,
which, in turn implies T Bstre f f ∼13 000 K. While these values are
close to those of Shenar et al. (2020), they are in disagreement
with the BD for the above flux ratios. This suggests the need
for an investigation of the full parameter space, relaxing the flux
ratio and log g constraints (and hence decoupling the solution
from the proposed mass ratio).
Table 4. Stellar parameters of models discussed here, plus derived quan-
tities as follows; angular radius (r/d), stellar radius (R), spectroscopic
mass (Mspec), extinction in the V band (AV ), and logarithm of the stellar
luminosity (logL). AV is determined from the CHORIZOS analysis, and
we adopt a distance of 2.48 kpc from the Gaia EDR3 parallax (see text)
in the derivation of the stellar radii and luminosities.
Model B+BH Be+Bstr
Component B Be Bstr
Teff (K) 15 300±300 18 900±200 12 500±100
log g 3.6±0.2 4.0±0.3 3.0±0.2
N[He/H] 0.10 0.10 0.20
vt (km s−1) 2 2 2
ve sin i (km s−1) 8 300 7
r/d (R/kpc) 2.40±0.04 2.47±0.04
















Finally, in this section, in the context of the UV, it is informa-
tive to consider higher-resolution predictions for the region con-
taining the Si iv lines (Figure 6) that clarify the separate contribu-
tions to the composite spectrum. This also serves to emphasize
that higher-resolution spectra in the UV, obtainable with STIS
E140M or COS G160M modes, can provide strong constraints
on the nature of a potential secondary, and critical leverage for
spectral disentangling or synthesis.
5. Discussion
Table 4 lists the stellar parameters derived in the previous section
for a Bstr flux contribution of 55%, as well as the estimated ex-
tinction, angular radius, stellar radius, and spectroscopic masses
for both B+BH and Be+Bstr models.
In deriving stellar radii, we use the Gaia EDR3 results
(Gaia Collaboration et al. 2020) for the LB-1 parallax of $ =
0.3592 ± 0.0296 mas, notably corrected as recommended by the
recipe from Lindegren et al. (2020a), which depends on magni-
tude, color, and ecliptic distance, and that for our target yields
a zero point of −0.0511 mas. Such a correction does not in-
clude the effect of the covariance for small angular distances
seen in the LMC data of Lindegren et al. (2020b), namely, the
checkered pattern, and to account for it, we add 0.0260 mas
in quadrature to the parallax uncertainty2, resulting in $ =
0.4103 ± 0.0394 mas. Using the OB star prior of Maíz Apel-
lániz (2001); Maíz Apellániz et al. (2008) this leads to a dis-
tance of 2.48+0.27
−0.22 kpc, consistent with 2.20
+0.49
−0.35 kpc estimated in
Simón-Díaz et al. (2020) using Gaia DR2 data, though with a
smaller uncertainty. The EDR3 data for LB-1 are now based
on 26 transits, compared to 14 in DR2, and following the dis-
cussion in Appendix D of Simón-Díaz et al. (2020), these new
data also do not display evidence for orbital motion of the B-star
(see also the discussion in Eldridge et al. 2020). The ruwe pa-
rameter of 1.22 still indicates a clean astrometric fit, while the
image parameter determination quality flags, ipd_multi_peak
and ipd_odd_win, are both 0, which is consistent with the PSF
from the WFC3/IR image. However, while the goodness of fit
parameter ipd_gof_harmonic_amplitude is on the high side
at 0.09, this is not reflected in the WFC3/IR images mentioned in
2 This is a conservative estimate based on the measurements for
quasars of Lindegren et al. (2020b). It may be possible to refine it in
the future using further analysis (Maíz Apellániz et al. in preparation).
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Section 2, which have negligible ellipticity. As discussed in de-
tail in Appendix D of Simón-Díaz et al. (2020), we attribute the
puzzling lack of evidence for the orbital motion of the system to
it being aligned almost edge-on and the particular circumstances
of its orientation with respect to the sun and its proper motion
vector.
The luminosity of the LB-1 objects are now tightly con-
strained by the Hubble flux-calibrated spectrum, the well-
determined extinction law, and the Gaia EDR3 parallax. As the
HRD in Fig. 7 demonstrates, for the Be+Bstr solution, the Be
star component is close to the zero age main sequence (ZAMS),
which is not typical for classical Be stars (Fabregat & Torre-
jón 2000). This characteristic is shared with the Be star pro-
posed by Bodensteiner et al. (2020) for the system HR 6819.
Further, as discussed above, solutions encompassing a solar Si
abundance predict an even smaller and hotter Be star, exacerbat-
ing this discrepancy. However these models cannot reproduce
the observed UV spectrum, which implies the need for a cooler
Be star (Teff ∼17 500–18 000 K), and hence a hotter silicon-rich
Bstr star (Teff ∼13 000). This family of solutions effectively re-
laxes the constraints on the flux and mass ratio and indicates the
need for a more complete exploration of the available parame-
ter space, now including the UV. This task is beyond the scope
of this paper but would be a useful check to ascertain that the
Balmer emission is indeed a measure of the reflex velocity of the
companion to the narrow-lined star.
The Be+Bstr model also results in a rather small spectro-
scopic mass for the Be star, namely, 3.4 M, which is also much
too small to be considered a classical Be star of this temperature
(see Rivinius et al. 2013). However this estimate assumes spheri-
cal symmetry, which may not be correct. As discussed by Frémat
et al. (2005), oblateness can lead to estimated gravities being up
to 0.4 dex lower than those found at the stellar pole. In turn, this
can lead to a significant underestimation of the stellar mass. Ad-
ditionally, if the Gaia parallax were incorrect, then a distance of
∼3.5 kpc is required to move the Be star into the vicinity of the
end of the main sequence. The Bstr star would then have a mass
of ∼1.7 M.
Figure 7 also demonstrates good agreement between spec-
troscopic and evolutionary masses of the B-type star in the
B+BH solution, demonstrating an improvement on Simón-Díaz
et al. (2020). The current mass implies a potential BH mass of
∼ 21+9
−8 M using the revised mass ratio of 5.1 ± 0.1 (Liu et al.
2020). However, if the very low ve sin i is a consequence of bi-
nary interaction the agreement of the spectroscopic mass with
single-star evolutionary tracks may be fortuitous. Nevertheless,
the distance discussed here restricts the upper limit on the X-ray
luminosity of LB-1 to ∼6x1030 erg s−1, which is consistent with
the faintest known quiescent BH accretion disks (Armas Padilla
et al. 2014; Ribó et al. 2017).
While the Be nature of the broad lined star has been at-
tributed to the presence of a disk, as implied by the characteristic
Balmer emission lines and IR excess, the SED displays no evi-
dence for a second BD or emission in the Mg ii 2800 Å doublet,
as is often observed in classical Be stars (Cochetti et al. 2020;
Slettebak 1994). Liu et al. (2020) have discussed the Balmer and
Paschen emission line spectrum at length, and detect emission
wings to a velocity of ±250 km s−1, that for a Keplerian disk
measure the projected velocity of the inner edge of the disk.
The radius and mass of the Be star in Table 3 lead to values
of sin i ∼ 0.52 and a dynamical mass of 12.8 M (assuming
M sin3 i = 1.78 from Shenar et al. 2020), adding further tension
with the estimated spectroscopic mass of the Be-type star. In or-
der to match the spectroscopic mass one requires sin i ∼ 0.8,
Fig. 7. HRD for the components of LB-1 as derived here (with error
bars). The single star solution is the filled star, while the binary solu-
tion components are filled circles joined by a dotted line. The Be star,
or broad lined star, is the hotter of these two components. The Shenar
et al. (2020) parameters are indicated (diamonds), as are our estimates
using our updated values of extinction and distance (triangles). Also in-
dicated are the positions for HR 6819 (open circles) as determined by
Bodensteiner et al. (2020). For context the evolutionary tracks are the
non-rotating (solid lines) and rotating (dashed lines) single star mod-
els from Ekström et al. (2012). Symbols are labeled with their spectro-
scopic masses, and each track is labeled with its initial mass.
supporting the argument that the system is viewed almost edge-
on. Obviously, in the context of the B+BH scenario in which the
emission arises from an accretion disk around the BH, the above
argument does not apply. However, in this case, the small line
widths tend to favour a low inclination angle for the accretion
disk.
6. Conclusions
The Hubble data enable more precise stellar parameters for the
LB-1 system within the B+BH and Be+Bstr models. The B+BH
(single star) solution is a better fit to the UV, although the
Be+Bstr star model remains superior in the optical. We indicate
how the B+BH UV performance can be improved by a combina-
tion of a fainter Be star and more helium-rich Bstr star. However,
the Be is already close to the ZAMS, unusual for a classical Be
star, and this solution would shift it even closer to the ZAMS.
We find enhanced Si and Mg in the Bstr star, although with a
non-solar abundance ratio (Table 3) and signs of extreme CN
processing. In the B+BH model, the B-type star’s position in the
HRD now provides better agreement between evolutionary and
spectroscopic masses, resolving the tension that previously ex-
isted between these masses (Simón-Díaz et al. 2020). However,
the very low ve sin i and likely low ve hints at an evolutionary
path that involves binary interaction.
Indeed, it is difficult to reconcile the properties of the LB-
1 with any of the current evolutionary scenarios (see also the
discussion by Liu et al. 2020). We find that higher-resolution UV
spectra would serve as a powerful diagnostic for characterizing
the nature of a potential companion to the narrow-lined star.
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